INTRODUCTION
(23) for the pleuropneumonia group, exists over Current knowledge concerning the pleuro-the relation or distinction of the two groups of pneumonia group of organisms (PPLO, Myco-organisms. Much of this controversy stems from plasma, Mycoplasmataceae) and L-type organ-the results of morphological studies hampered by isms has been reviewed in part (14, 18, 47) and the fragility and plasticity of these organisms in toto (2, 30, 48) during recent years. All of these and from serological data reflecting the lack of reviews have treated either the Mycoplasma or good antigenic specificity due to the absence of the L organisms singly, or (60) , and M. gallisepticum strain 5969 contains 80 % (70) . Protein hydrolysates of the latter contained 17 amino acids common to many proteins. Proteus L 9 is composed of 50 to 75% protein and contains a, E-diaminopimelic acid, although in a smaller amount than does the parent bacterium (163, 165) . This typical component of many bacterial cell walls has not been found in any other stable L organism or Mycoplasma (41, 79, 86, 141) . Kandler and Zehender (41) found 17 common amino acids in three strains of Mycoplasma (Findlay mouse, M. laidlawaii strain A, and Seiffert compost). The same amino acids were found in Proteus L 52 (40) . Panos et al. (79) demonstrated the absence of muramic acid and ornithine, a relatively high content of serine and leucine, and a relatively low content of aspartic acid, alanine, and lysine in the salt-requiring L organism, AED-L. With the exception of one L organism from Proteus, both types of organisms lack a, E-diaminopimelic acid and contain other amino acids common to most proteins. This conclusion should be tentative, pending examination of other representative strains of both types of organisms.
Nucleic acid composition. The total nucilec acid content of Mycoplasma exhibits a wide variation, depending upon the strain examined. Kandler et al. (43) reported that during the logarithmic phase of growth the total nucleic acid of the Findlay mouse strain amounted to 2.5 mg/mg of protein nitrogen and dropped to 1.7 in the stationary phase. Although accurate determination of these values as percentage of dry weight for comparative purposes is not possible, it can be estimated that total nucleic acid in this strain represents 12 to 15% of the dry weight. M. hominis 07 contains 4 to 5% nucleic acid (59) , whereas in 31 . gallisepticum 5969 total nucleic acid represents 12% of the dry weight of the organisms (70) . Recently, Langenfeld and Smith (51) Salt-nonrequiring L organisms from only two genera of bacteria (Proteus, Streptobacillus) have been analyzed for nucleic acid content. Kandler et al. (43) found 3 mg of nucleic acid per mg of protein nitrogen during the logarithmic phase for L 52, derived from P. vulgaris. As with the Mycoplasma (43, 59) , there was a reduction of nucleic acid in the stationary phase, due to reduction of ribonucleic acid (RNA). Weibull (162) , working with L 9, derived from P. mirabilis, found a total nucleic acid content of 14 to 19% of the dry weight. The higher values found by Weibull in comparison to those of Kandler have been attributed to loss of RNA by cell disruption in the latter case (163) . Mandel et al. (63) reported values for nucleic acid in varioussized fractions of 18L, derived from P. morgani, but these values are not comparable because they used defatted organisms. Langenfeld and Smith (51) found this strain to contain 8% and L 1, derived from S. moniliformis, 10% total nucleic acid.
The total nucleic acid content of a salt-requiring L organism, AED-L, derived from a group A PHYSIOLOGY OF PPLO AND L-TYPE ORGANISMS stal)hylococci are considerably lower, i.e., 2 to 3%.
The variation in total nucleic acid content can be accounted for not only by strain variation but also by the age of the organisms used for analyses. Since RNA content increases during the early logarithmic phase and then declines rapidly (43, 59) , cells harvested in the stationary phase would be low in RNA and, thus, total nucleic acid. Cellular disruption during handling of preparations would liberate RNA into the nonsedimentable fraction as reported by Plackett (85) , who found that freezing and thawing of cells of . 31 . mycoides liberated 80% of the RNA to the supernatant fluid. The nature of the particles also has an effect on nucleic acid content. Mandel et al. (63) noted a great variation in the RNA and deoxyribonucleic acid (DNA) of different-sized particles of 18 L. Which of these particles represent the typical cell is not known. These authors thought that the forms ranging from 1.9 to 3.8 ,u in diameter represented the stage of active proliferation, because this fraction possessed the highest RNA-DNA ratio and the highest rate of respiration per unit of RNA (65) . Weibull and Beckman (165) also found a difference in the very small elements ( <0.3 i in diameter) of L 9 as contrasted to particles of >1.0 ,u in diameter. The smaller particles contained less RNA and essentially no DNA, and were considered to be organized debris.
DNA represents 1.5 to 4.0% of the dry weight of both Mycoplasma and L organisms (43, 59, 70, 79. 162) and, as in bacteria, remains relatively constant throughout the growth cycle (43, 163) . The DNA of one human and one avian strain of Mycoplasma has been examined. Lynn and Smith (52) determined the nature of and the molar ratios of the bases found in Ml. hominis 07.
Adenine, guanine, cytosine, and thymine, but no hydroxymethyl cytosine, were found. The ratio of adenine to thymine was 0.87; guanine to cytosine, 0.81; and purine to pyrimidine, 0.86. The ratio of guanine-cytosine (GC) to guaninecytosine-adenine-thymine (GC-AT) was 0. hexoses and hexosamines commonly found in bacterial cell walls. Kandler and Zehender (41) noted the almost complete absence of glucosamine in L organisms from P. vulgaris. Sharp and Dienes (119) found a hexosamine-reducing sugar antigen in the L organism from P. morgani, normally associated with the cell wall of this Proteus strain. At the time of their report, this L organism was considered to be similar to the 3B type described by Dienes (11) , which is now considered -to be an unstable transformation form. Repeated subculture has resulted in a stable L organism. It is probable that this organism better fits the classification given by Kandler and Zehender (41) as a C type, i.e., initially revertible to the bacterium in the absence of the inducing agent but stabilizing in the L phase after many passages in the presence of the inducer. Several investigators have noted the presence of the glycolipid-containing 0 antigen in L organisms of gram-negative bacteria [Proteus (69, 158) and Vibrio (155)]. None or only trace amounts of glucosamine and rhamnose and no group-specific polysaccharide are found in salt-requiring L organisms of group A streptococci (79, 120) .
The carbohydrate content of Mycoplasma is variable according to the findings of Morowitz et al. (70) for M. gallisepticum 5969, in which it constituted less than 0.1% of the dry weight, and the findings of Plackett, Buttery, and Cottew (88) for several strains, in particular M. mycoides in which as much as 10% of the dry weight could be accounted for as a galactose-containing polysaccharide. Glucose, sometimes galactose, and probably mannose, but no uronic acid and only traces of hexosamine, were found in bovine, caprine, ovine, saprophytic, and avian strains The purified galactan of M. mycoides appeared to be composed mainly of galactofuranose units containing 6-0-f-D-galactofuranosyl-1 linkages.
The galactan contained 4% bound triglyceride, containing predominately palmitic and some stearic acid. This polysaccharide was more alkaline-labile than the lipopolysaccharides of gram-negative bacteria, although it was antigenic and reacted in serological reactions. A glucan isolated by this group from a bovine arthritis organism contained primarily 2-O-3-i)-glucopyranosyl-1 linkages. Polysaccharide haptens have been detected in various body fluids of sheep and cattle infected with M. mycoides (35) and undoubtedly arose from the infecting organism. Their relation to the galactan and glucan of Plackett et al. is not known.
Mycoplasma and L organisms are similar with respect to their lack of cell-wall carbohydrate constituents of bacteria. The other types of carbohydrate probably depend upon the specific strain of organism. There is no reason to believe that any significant distinction or similarity between the two types of organisms can be anticipated, other than lack of cell-wall carbohydrate.
Lipid composition. The first indication that lipids might be of significance in L-type organisms and Mycoplasma was the observation of Partridge and Klieneberger (81) that L 1, the L organism derived from S. moniliformis, appeared to concentrate oily droplets containing cholesterol. Subsequent nutritional studies by several investigators indicated that lipids were among the essential growth requirements for several strains of both types of organisms. Poetschke (89) noted that L organisms derived from Corynebacterium, but not the parent bacteria, reduced the cholesterol content of the culture medium during growth. Cholesterol could be isolated from dry colonial growth, and microscopy indicated cholesterol ester formation based on changes in crystalline form. Lynn and Smith (60) (Smith, unpublished data) .
The nature of the nonsaponifiable lipids of several strains of sterol-requiring and sterol-nonrequiring Mycoplasma has been thoroughly examined. The organisms used for analysis were grown on culture media from which all neutral lipids were removed and, in the case of sterolrequiring strains, to which was added purified sterol. One sterol-requiring strain of human origin incapable of carbohydrate utilization (M. hominis 07) contained nonsaponifiable lipid composed entirely of the sterol in which it was grown, e.g., cholesterol (110) , cholestanol, or ergosterol (132) . One sterol-requiring avian strain capable of glucose utilization (J) contained nonsaponifiable lipid comprised entirely of cholesterol, and cholesteryl-3-D-glucoside when grown in the presence of cholesterol. The relative proportions of these two compounds depended upon the amount of glucose supplied in the culture medium (110) . Identity of the above compounds was proven by extensive physical, chemical, and enzymatic analyses. Any alteration of the basic molecular structure of a sterol, other than addition to the 3-hydroxyl group, could be accounted for by air oxidation. The correlation of the presence of cholesteryl glucoside with ability to utilize glucose has been extended to other strains. A tissue culture strain, T5, isolated from HeLa cells, utilized glucose and contains the glucoside, whereas another strain of human origin, Campo, unable to degrade glucose, contained only cholesterol (Smith, unpublished data) . A portion of the sterol is found esterified (60) . The ratio of volatile to nonvolatile fatty acids in ester linkage with the sterol was 0.86 for the glucose-fermenting avian strain J and 49.5 for the glucose-nonfermenting human strain 07. The volatile fraction of the former strain was principally acetic with a trace of propionic, and of the latter strain was principally butyric, less acetic, and a trace of propionic acid. Rodwell (104) , working with M. mycoides var. mycoides, found no reduction in the specific activity of C'4-labeled cholesterol upon its isolation from the organisms were such that no cholesterol ester or existed in the form of free cholesterol. It is possible that the age and metabolic state of the organisms was such that no cholesterol ester or glycoside was present. That the ester and glycosidic forms of sterol are in a dynamic state has been shown (60, 110) .
The first evidence that sterol-nonrequiring strains of Mycoplasma contain lipid of a nature distinct from sterol was the reported finding of alcohol-ether soluble pigments in M. laidlau'i strains B and B-15 (130) . Rothblat and Smith (110) subsequently isolated a hydrocarbon pigment from the former strain and identified it as neurosporene. Two other pigments were detected in this strain and, based on behavior on silicic acid columns, were suspected to be a hydroxylated carotenoid and a carotenyl glucoside. A more thorough analysis (133) (65) , and the smallest granules are considered to be organized debris (65, 163) . Sonic treatment of the salt-requiring L organisms results in reduction of optical density but not of viability, allowing Panos et al. (80) to conclude that small granular elements demonstrated by electron microscopy were viable elements. Suspension in a nonhypertonic milieu resulted in lysis of even these granules (Panos, personal communication) . Membrane fractions of salt-nonrequiring L organisms used in studies of membrane composition have been obtained by subjecting the organisms to sonic lysis in distilled water, thereby insuring complete lysis. As with the Mycoplasma, no effort was made to rid the membranes of nonmembranous material. Membranes of salt-requiring L organisms have been obtained by lysis in a hypotonic environment or by this method plus sonic treatment. Thus, the membrane fractions, although impure, do consist of the cell envelopes, whether they are from large bodies or elementary granules. As with the Mycoplasma, data regarding the membranes are of a relative nature.
General composition. Razin (93) reported the only analysis of the total composition of.the cell membranes of either of the two types of organisms. With cell membranes of M. laidlawii B, obtained by freezing and thawing, he found 55 to 67% protein, 25 to 30I% total lipid, 0 to 3.5% sterol (depending upon whether sterol was present in the growth medium), 7 to 8%7, carbohydrate, 'OL. 28, 1964 2.1 to 4.7% RNA, and 0.15 to 0.5% DNA. The presence of RNA, and especially DNA, is suggestive of impure cell-membrane preparations.
Essentially all of the data reported concerning composition of the cell membranes of these organisms relate to lipid composition. Lynn and Smith (60) reported slightly greater amounts of total sterol in the sedimentable residue after sonic lysis of Mycoplasma strains 07, Campo, and J. Esterified sterol was found in greater amount in this residue than in the supernatant fraction. Phospholipid was likewise unequally distributed between the two fractions, the greater quantity being associated with the residue. Smith and Rothblat (142) in their study of sterol incorporation by Mycoplasma found the major portion of cholesterol, as measured chemically or radiometrically, in the residue of sonic-lysed strain 07. Extension of this study to other strains of Mycoplasma and to L-type organisms (143) revealed that 69 to 86% of nonsaponifiable lipid (sterol and carotenoids) was associated with the cell membrane fraction of six strains of Mycoplasma and L 1. One salt-nonrequiring L organism, Proteus 18 L, and three salt-requiring L organisms contained equivalent amounts in both fractions or greater amounts in the supernatant fraction. These results could be accounted for by the greater lability of the membranes of L organisms, particularly the salt-requiring types. Extended sonic treatment of the cell membranes of Mycoplasma resulted in liberation of more sterol to the supernatant fraction but never to the extent of complete solubilization.
The galactan and the polyglyceropbosphate compounds of M. mycoides, treated earlier in this review, have been suggested to comprise part of the surface structure of this organism (7, 87) .
Structure of cell envelopes. Thin sections of Mycoplasma and L-type organisms when viewed by electron microscopy reveal the presence of a double-layered enveloping membrane (24, 118, 157) . Such a double-layered membrane, consisting of two dense outer layers each 20 A in thickness and presumably composed of protein, and an inner transparent layer 35 A in thickness, presumably composed of lipid, making total membrane thickness of 75 A (157) , is typical of cell membranes in general (131) . Lacking the rigid cell wall typical of bacteria, both Mycoplasma and L organisms can be considered similar to one another and to animal cells. The pliability of the cells of these organisms is attested to by the very numerous reports on their pleomorphism and in some respects the resistance of Mycoplasma to osmotic shock (94, 144) . The absence of the typical cell-wall components, a, E-diaminopimelic acid and hexosamines, was already referred to in a previous section of this review. The wellestablished ineffectiveness of penicillin against both Mycoplasma and L-type organisms (159) , indeed the use of penicillin to induce formation of the latter (14) , and the resistance of the organisms to other antibiotics exerting their action against bacterial cell walls, e.g., erythromycin and cycloserine (100, 160) , substantiate the lack of a typical bacterial cell wall. Taubeneck (150) showed further the absence of specific phage receptors in stable L forms of P. mirabilis.
Lysozyme, known to attack the ,3(1-4) glycosidic bonds between acetyl muramic acid and acetyl glucosamine of the mucocomplex composing bacterial cell walls (113) , is without effect on either Mycoplasma or L organisms (94, 86) .
Evidence of the lipoidal nature of the surface of Mycoplasma was first presented by Tang et al. (149) (45, 136, 144) , sterol-nonrequiring strains (94) , and M. mycoides (101) . L organisms are also susceptible to the action of these nonspecific lytic agents (90) . Osmotic shock has little effect on the viability of Mycoplasma (94, 144) , although loss of intracellular constituents undoubtedly occurs (101) 
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lysed to a significant degree, presumably due to their larger size (12) . Salt-requiring L organisms are very susceptible to lysis outside a hypertonic environment (78) . This effect is not strictly an osmotic one; suspension in equimolar concentrations of glycerol, phosphate, and sucrose was attendant witb considerable differences in resultant viability. It is possible that the high cation requirement is needed for stabilization of the lipid surface as mentioned previously.
Phospholipids also appear to play a part in the maintenance of the membrane structure. Uranyl ions which attach to the phosphate groups of phospholipids inhibit the incorporation of sterol into the membrane, indicating that a portion of the membrane, probably the inner transparent layer described by van Iterson and Ruys (157), may be composed of phospholipid interspersed with sterol (135) . Uranyl ions also have been shown to protect the organisms against the action of anionic and cationic detergents (94) . Rodwell and Abbot (105) and Rodwell (103) found that glycerol deficiency and fatty acid deficiency resulted in lysis of M. mycoides after a brief period of growth. This effect of glycerol deficiency could be negated by instituting a uracil deficiency or by the presence of chloramphenicol. It was concluded that glycerol and probably fatty acids were required for synthesis of this structure which was more sensitive to glycerol deficiency than was synthesis of the cytoplasm. The glycerol deficiency was also attendant with the appearance of enlarged cells with shrunken appendages (103) . This conclusion was further verified by the finding that the requirement for glycerol was greater under aerobic conditions where a greater rate of oxidation and hence greater loss of glycerol phosphate for synthesis occurred. Whether the glycerol-containing structure required was the polyglycerophosphate of Plackett (87) or phospholipid, or both, is not known.
Mycoplasma in the presence of sterol possesses the capacity to bind polyene antibiotics (J. 0. Lampen, personal communication; P. F. Smith, unpublished data). The polyene antibiotics are known to complex with sterols (50) . Growth inhibition is noted with organisms which synthesize their own sterol, whereas with Mycoplasma no inhibition occurs unless the antibiotic level is high enough to cause a deficiency of exogenous sterol. No effect is noted with sterolnonrequiring strains of Mycoplasma, nor is it known whether these strains bind the polyenes. Nothing is known with respect to polyene binding by L organisms. Protoplasts of sterol-containing fungi will bind the polyenes (46) , but it is unlikely that any sterol-noncontaining L organisms or Mycoplasma will do so.
Pancreatic lipase induces lysis of both Mycoplasma and L forms (94) . Clostridium welchii, lecithinase C, and 0 hemolysin do not effect lysis of M. mycoides (101) .
Only superficial examination of the effect of proteolytic enzymes on Mycoplasma and L organisms has been made. Morowitz et al. (70) stated that protein of M. gallisepticum 5969, lysed by the action of trimethylamine for preparation of DNA, was degraded to amino acids by trypsin. Razin and Argaman (94) found papain to be ineffective against both Mycoplasma and L organisms and trypsin to be effective against Mycoplasma only after subjection to heating at 70 C. Trypsin proved to be ineffective against M. hominis 07 when either intact cells or cell membranes were exposed to the action of this enzyme (Smith and Rothblat, unpublished data).
It can be tentatively concluded that the cell envelopes of both Mycoplasma and L-type organisms consist of a lipoprotein, the morphological and molecular structures of which are similar. Differences exist as to the nature and amount of lipid found in these structures and probably account in part for the relative stability of the various types and strains. NUTRITION More effort has been extended to elucidate the nutritional requirements, particularly of the Mycoplasma, than in any other area of the physiology of Mycoplasma and L-type organisms.
There has yet to be devised a completely defined medium which will support adequate growth to enable the study of the physiology without doubt as to interference from unrequired constituents. Innumerable reports have been published describing the requirements for supplementation of basal culture media, comprised mainly of a heart infusion, with different mammalian blood sera, egg yolk, yeast extracts or autolysates, detoxifying agents such as erythrocytes or albumin, etc. Likewise, many reports of the ability of cultured tissue cells, chick embryos, the 31 . hominis 07 was shown to be capable of suboptimal growth in the presence of nine amino acids (arginine, aspartic acid, cysteine, glutamic acid, glutamine, isoleucine, methionine, phenylalanine, and tryptophan). Isoleucine was not an absolute requirement, but stimulated growth (125). Rodwell and Abbot (105) found that the amino acid requirements for Al. mycoides were satisfied with vitamin-free acid-hydrolyzed casein plus a tryptic digest of casein together with additional cystine and tryptophan. 31. laidlawii strains A and B were found to grow in a medium containing Vitamin Free Casamino Acids supplemented with cystine and tryptophan (96) . Further analysis of the growth requirements of these strains (95) revealed that in the presence of ammonium sulfate only cystine, isoleucine, glutamine, and asparagine were absolute requirements. Seven other amino acids were added because they were stimulatory. In the absence of serum, there was an additional requirement for methionine and threonine. Apparently, the amino acid requirements of L 1 are satisfied at least partially by Casamino Acids supplemented with cystine and tryptophan, since the serum-supplemented basal medium for the Laidlaw strains supported growth of this L organism (96) .
Nucleic acid requirements. Smith (125) demonstrated a requirement for RNA, DNA, guanine, and hypoxanthine for 31. hominis 07. Lynn (56) further defined the requirements of this strain for nucleic acid precursors, finding that guanine, uracil, cytosine, ribose, and deoxyribose would replace the nucleic acids and purines when a solidified medium was employed. In liquid defined medium, a mixture of deoxyadenosine, deoxyguanosine, deoxyinosine, deoxycytidine, and thymidine provided all the requirements for nucleic acid precursors including the pentose sugars. In the presence of the ribosides, adenosine, guanosine, inosine, xanthosine, cytidine, and uridine, only deoxycytidine and thymidine of the deoxyribosides were required. That these requirements are compatible with the synthetic capabilities of this organism is discussed in another section of this review. Edward and Fitzgerald (22) noted that certain strains of Mycoplasma found in the genital tract of cattle required mucin for growth and that mucin could be replaced with calf thymus DNA. These organisms lost this requirement upon repeated subculture. M. laidlawii strains A and B were initially shown to require RNA and DNA when cultivated on a partially defined medium (96) . Partial hydrolysis of RNA to its oligonucleotides did not destroy its activity, whereas ribonuclease did (97). Deoxyribonuclease did not effect the growth-promoting ability of DNA, nor did removal of the purine bases to yield apurinic acid. Thymidine was the only deoxyriboside required and could effectively replace DNA. 31 . laidlawii B was shown not to have a requirement for RNA. Interference between deoxyribosides and thymidine and noninterference of RNA when thymidine substituted for DNA indicated that DNA must be degraded to be of use to the organisms. M. mycoides was shown to require both RNA and DNA, with the latter being only partially replaceable with thymidine. Rodwell and Abbot (105), on the other hand, found all nucleic acid precursor requirements for 31. mycoides to be satisfied by the purine and pyrimidine bases, adenine, guanine, uracil, and thymine. Folinic acid (leucovorin) was found to produce better growth in the defined medium. Upon re-examination of the requirements for nucleic acid precursors, Razin (92) found DNA to be replaceable with thymidine and folinic acid (leucovorin) for M. laidlawii A. RNA could be replaced by adenine, hypoxanthine, guanosine, and cytidine. His medium was less well defined than that of Rodwell and Abbot (105) , because it contained 10% dialyzed human serum. The 2' and 3' mononucleotides of guanine and cytosine were inactive, as were the pyrimidine precursors, ureidosuccinic and orotic acids. RINA was not required by L 1, and thymidine could replace DNA for this organism (96) . VOL. 28, 1964 BACTEBIOL. REV.
Carbohydrate requirements. The pentose sugars found in the nucleic acids are required either in the form of free sugar or as the nucleosides for M. hominis 07 (56) . Although M. laidawii cells do not appear to require free pentose, it is probable they derive all their pentose requirements from guanosine and cytidine and their deoxypentose requirements from the required thymidine (95) . That nucleoside interconversions occur was demonstrated by Lynn (56) . M. mycoides apparently synthesizes its own pentose sugars, since none are required in a defined medium (105) .
No other carbohydrate requirement is essential for the growth of carbohydrate-nonutilizing strains (125 Mycoptasma. Inhibition by the steroids containing a hydrocarbon side chain can be explained by their incorporation into the sites required for the carotenol or sterol, with their subsequent interference with growth as a result of not being able to carry out the function of the carotenol or sterol. Inhibition by the inhibitors of sterol synthesis is probably the result of their interference with synthesis of the triterpenoid precursors of carotenoids, the synthetic pathway of which bears a great similarity to that of cholesterol (90) . Inhibition by the corticosteroids is explainable from the work of Lester et al. (54) , who found the deoxycorticosterone inhibited uptake of sugars, amino acids, and rubidium ions by Neurospora and that this inhibition could be relieved by cholesterol. The effect of corticosteroids on Mycoplasma adds to the evidence that sterol and carotenol may be involved in permeation mechanisms.
The function of the phospholipid requirements for growth noted earlier (21, 137, 138) was further examined by Smith (130) and Smith and Boughton (136) . It Physical Requirements for Growth Temperature. Numerous reports are scattered throughout the literature relating to the optimal temperature for growth of Mycoplasma in particular. Since cataloging the information regarding these two types of organisms is not the purpose of the review, only a few selective references are covered. Early workers first noted that the pathogenic strains of Mycoplasma grew best at temperatures near 37 C (5, 74) and that M. laidlawii strains (49) grew at 22 C but best at 30 C. Edward (17) , in his analysis of the various biological properties of various strains of Mycoplasma, confirmed the generalizations made from these earlier findings. Gill (34) found the optimal temperature for growth of an avian strain to be 38 C. This slightly higher optimal temperature for avian strains could be accounted for by the higher body temperature of fowl, the natural habitat of these strains. Ford (28) (144) , but loss of viability occurs rapidly and completely between 45 and 50 C. Thus, the halflife of Mlycoplasma at 50 C has been determined to be less than 2 min (144) . No studies on the optimal temperature for growth of various L organisms has been reported. It would appear that the optimal temperature of an L organism is ithe same as for its parent bacterium. L 1 undergoes lysis at 50 C, as does Mycoplasma (94) .
Effects of pH. As with temperature, numerous reports exist regarding the optimal pH required for growth. Early investigators noted that Mycoplasma required a pH alkaline to 7, preferably between 7.5 and 8.0, to multiply (5, 49, 74) . L-type organisms also require an alkaline pH (14, 117) . Edward, in his study of the comparative biological properties of Mycoplasma and L organisms, noted that some strains of both types of organisms can grow over a relatively wide range of pH, i.e., 6.8 to 9.2. Of interest is the finding that Ml. mycoides and L 1 grew at the pH acid to 7. Ford (28) found that certain human genital strains also grew at pH 6.8, and Shepard (personal communication) has found some of these strains to grow optimally at a pH around 6. Thus, there appears to be some variation as to optimal pH for growth by both Mycoplasma and L organisms, but the majority of strains studied require a pH between 7.5 and 8.0. In the case of defined media, the optimal pH appears to be about 7.8 (1, 95, 105, 125) . Suspension of Mycoplasma and L forms in media with pH less than 7.0 and greater than 9.0 generally results in loss of viability and lysis (94, 144) .
Osmotic effects. The requirement for a medium with a high concentration of salt by the saltrequiring L organisms was mentioned above. These organisms will grow in a range of sodium chloride concentrations of 0.25 to 1.1 M (117) . Other salts can substitute for sodium chloride, e.g., the chlorides of potassium, ammonium, calcium, and magnesium, and dibasic sodium phosphate. Although concentrations of univalent salts lower than 0.25 M are ineffective, divalent cations are effective at 0.18 M and trivalent at 0.14 M. Certain salts are ineffective by virtue of their toxicity, e.g., lithium chloride (13) . These results would imply, as stated by Panos and Barkulis (78) , that the effect is not merely a strict osmotic one but may be a combination of osmotic effects and stabilization of the membrane by cation binding onto phospholipid residues (143), as previously described. Panos and Barkulis (78) noted that 0.25 to 0.88 M sucrose allowed consistent survival of the salt-requiring L organisms. Sucrose in this instance could fulfill the osmotic requirement, allowing the salts in the culture medium to bind onto phospholipid and thereby reducing the total salt requirement. Salt-requiring L forms can be adapted to grow in the presence of lower salt concentrations if serum is present. Salt-nonrequiring L organisms appear to be able to multiply in an environment with an osmotic pressure found in usual bacteriological culture media, i.e., 5 to 10 atm. They appear to be able to adapt to variable osmotic conditions, since the Proteus L organisms multiply in both isotonic (1) and hypertonic media (65) . Rodwell (102) reported that M. mycoides requires a medium with an osmotic pressure of 12 atm, with acetate, various inorganic salts, or sucrose serving equally well as the solutes. Leach (126) , in the only detailed study of the osmotic requirements of either type of organism, found the optimal osmotic pressure of various strains of Mycoplasma to lie between 6.8 and 14.0 atm. Some strains such as M. gallisepticum grew only in a narrow range, i.e., 6.8 to 14, whereas strains of M. laidlawii grew in a wide range, i.e., 2.7 to 27 atm. An osmotic pressure of 41 atm greatly retarded the growth of M. mycoides. Sodium chloride, sodium sulfate, potassium chloride, sucrose, and a balanced salt solution served equally well as solutes. There was little adaptation by Mycoplasma. for hypo-and hypertonic environments.
Mycoplasma cells are in general relatively resistant to osmotic shock, as shown by Smith and Sasaki (144) and confirmed by Razin (5) found aerobic and anaerobic conditions equally favorable for the organism causing agalactia. Laidlaw and Elford (49) noted the same effect with the sterol-nonrequiring strains from sewage. Warren (161) found that several rodent strains and the organisms of agalactia and bovine pleuropneumonia grew anaerobically only in the presence of added carbon dioxide. L 1 grew better aerobically than anaerobically (37) . Mfycoplasma strains isolated from the human genital tract grow aerobically, anaerobically, or in the presence of added carbon dioxide (16, 17, 71, 76) . Newing and MacLeod (73), as well as Rodwell (107), obtained a greater yield of Ml. mycoides by aeration of cultures. Human oral strains appear to be anaerobic in nature (122) . Pathogenic strains of avian and human origin apparently prefer added carbon dioxide, at least for initial isolation (27, 28) . Growth of established cultures of avian strains is not stimulated by carbon dioxide (26) . Gaseous requirements for the L organisms appear to mimic the gaseous requirements of the parent bacteria (14) . The true nature of the gaseous requirements is no doubt clouded by the use of many different crude culture media. Evidence that the medium constituents exert an effect on the gaseous requirements is the report by Morton et al. (71) that added carbon dioxide improved growth only in suboptimal media, the finding by Rodwell (102) that glucose is not attacked anaerobically by M. mycoides, and the finding of Gill (34) (30, 49, 57, 82, 151) , and one type of human strain (165) . Strains which fail to utilize carbohydrates include those of human origin (23, 30, 53, 57, 131, 151) , some of the mouse strains (15) , and the agent of ornithosis (66) . The few L organisms studied are capable of carbohydrate utilization, e.g., salt-requiring streptococcal L forms (77), L 1 (161), and Proteus L forms (40, 42, 65) .
Carbohydrate-utilizing organisms. The Mycoplasma and L organisms examined usually ferment glucose, fructose, mannose, maltose, dextrin, starch, and glycogen with the production of acid, except for Proteus L forms which in many instances also produce gas (3, 9, 19, 36, 42, 66, 77, 107, 151, 161, 168) . Sucrose is rarely fer- 3, 36, 149, 151, 168) . None of the strains active against hexoses has been shown to ferment lactose, pentoses, or polyols.
Glucose degradation by M. mycoides was examined by Rodwell and Rodwell (102, 106, 107, 109) following the early work of Holmes and Pirie (39) . Direct demonstration of hexokinase and aldolase was made, and glucose-6-phosphate, fructose-6-phosphate, and fructose-1, 6-diphosphate were oxidized. No activity was noted against 6-phosphogluconate. Maltose apparently is cleaved to glucose prior to phosphorylation. Whether this reaction is accomplished by a hydrolytic reaction or a transglycosidation is not known. Mannose and fructose enter the pathway by way of their phosphorylated intermediates. Glycerol enters the scheme by initial phosphorylation to L-a-glycerophosphate followed by oxidation to L-glyceraldehyde-3-phosphate. This latter reaction is irreversible, accounting for the fact that glycerol, which also is used to synthesize the polyglycerophosphate component of the membrane, is a required nutritional factor. lodoacetate inhibits glucose utilization, suggesting that an NAD triosephosphate dehydrogenase is present. However, iodoacetate would inhibit any sulfhydryl-containing enzyme. Fluoride is also inhibitory, indicating the presence of an enolase. This inhibition may also be explained by the possibility that fluoride inhibits the biosynthesis of (108) some factor required for the terminal respiratory system like flavin nucleotide in the pyruvic oxidase system. The organisms are capable of reduction of pyruvate to lactate, the dehydrogenase being NAD-requiring. It would appear that glucose degradation is accomplished by the Embden-Meyerhof pathway. Anaerobically, pyruvate undergoes the dismutation reaction and aerobically is oxidized by the pyruvic oxidase system which requires inorganic phosphate, coenzyme A, a-lipoic acid, NAD, and cocarboxylase. The inability of intact or broken cells of M. mycoides to oxidize di-and tricarboxylic acid cycle intermediates led to the conclusion that these cycles are nonexistent in this organism. An interesting phenomenon noted by the Rodwells was the inability of intact cells of M. mycoides to degrade glucose anaerobically. They explained their results by postulating that pyruvate is removed preferentially by the dismutation reaction, and the organism possesses no other anaerobic mechanism for the reoxidation of reduced NAD (NADH) formed by oxidation of triose phosphate. Depletion of pyruvate therefore results in accumulation of NADH. This hypothesis received support by their finding that added pyruvate resulted in a synergistic effect and that exogenously added yeast alcohol dehydrogenase and acetaldehyde increased anaerobic breakdown of glucose by disrupted cells. The possibility of a permeation mechanism requiring energy derived from some oxidation, or of loss of some glucose activation system, should not be overlooked.
Other strains capable of carbohydrate utilization appear to possess the same degradative pathway as M. mycoides. Tourtellotte and Jacobs (151) found that the end products of glucose metabolism in growing organisms of several animal, avian, and sterol-nonrequiring strains to be predominately lactate, together with pyruvate, acetate, and acetylmethylcarbinol. 28, 1964 this group (8) could just as well be an acetocoenzyme A kinase. Conclusive evidence for an acetokinase could be obtained if phosphotransacetylase were shown to be present. Acetokinase appears to be limited to organisms containing phosphotransacetylase (32) .
Early workers (39, 82, 83, 84, 161) noted that methylene blue could serve as a hydrogen acceptor in the oxidation of glucose, lactate, and other substrates by various animal strains of Mycoplasma and the L 1 organism. These oxidations were stimulated by the addition of catalase. Peroxides were inhibitory in low concentrations. Although Pirie and Holmes (84) found reduction of methylene blue by the organism of agalactia to be cyanide-sensitive, further work by Pirie (82, 83) indicated the absence of a cytochrome system. Kandler and co-workers (40, 42) and Weibull and Hammarberg (166) conclusively demonstrated the absence of catalase or peroxidases in many fermentative and nonfermentative strains of Mycoplasma. The presence of catalase in ll. mycoides (107) may represent a strain difference. Rodwell and Rodwell (106, 107, 108) , working with M. mycoides, found that methylene blue, ferricyanide, or NAD would replace oxygen as electron acceptor in oxidation reactions, and in a study of pyruvate oxidation they noted that 2,4-dinitrophenol and sodium azide were noninhibitory. They concluded that terminal oxidations by this organism were fiavoprotein-catalyzed and that no cytochrome system existed. In further support of this conclusion was their finding that catalase was required for glycerol oxidation, suggesting the same initial steps as occur in Streptococcus faecalis. VanDemark et al. (156) made a thorough examination of an avian strain of Mycoplasma to determine the presence of enzymes involved in terminal respiration. These workers noted the absence of catalase and cytochromes and the presence of NAD-linked lactic dehydrogenase, NADH-menadione reductase, NADH-ferricyanide reductase, and a NADH oxidase, but no cytochrome oxidase or NADH peroxidase. NADH oxidase activity resulted in the accumulation of hydrogen peroxide. Oxidation of lactate was sensitive to atabrine, but not to cyanide, azide, or carbon monoxide. The fact that no cytochromes were found and that rate of oxygen uptake increased with increase of oxygen level to a maximal rate at 100% oxygen led to the conclusion that the respiratory system of this avian strain was flavin-terminated.
The pathways for carbohydrate breakdown by L organisms are less well defined. Superficial examination in many instances has led to the conclusion that the L organisms possess the same pathways as the parent. Proteus L forms carry out glycolysis (42, 65) . The L organism has less oxidative activity than does the parent bacterium. This greater degree of glycolysis by the L organisms than by the parent may be a reflection of the degree of disruption of the L organisms (164). Kandler and co-workers (40, 42) (166, 167) .
Only one detailed study of salt-requiring L organisms has been carried out. Panos (77) found that a group A fl-hemolytic streptococcus and its L form carry out a homolactic fermentation of glucose, glucosamine, and N-acetylglucosamine. Hexoses are utilized at a greater rate than are pentoses, phosphorylated hexoses, and two carbon compounds. No activity was detected against glyoxylate and only with the L form against acetate. The L form displayed greater activity against galactose, rhamnose, ribose, glucose-6-phosphate, fructose-1 ,6-diphosphate, glyceraldehyde, and dihydroxycetone, but lower activity against glucose, glucosamine, N-acetylglucosamine, mannose, and fructose than did the parent bacterium. The L form exhibited an adaptive response to glucose, whereas the parent did not. The lower efficiency in utilization of acetyl hexosamines probably was due to accumulation of acetate which the L form possibly could not transport out of the cell. The lack of selectivity shown by the increased activity in media containing high levels of glucose suggested loss of a repression mechanism found in the parent bacterium which acquired greater degradative activity against the hexosamines than against glucose in media containing low levels of glucose. These findings led to the conclusion that the L organisms possess inherent metabolic activities Lecce and Morton (53) in a study of the oxidative activity of these organisms. Activity was noted against lactate, fructose, and ribose, and slight activity with glutamate, a-ketoglutarate, and formate, but none with Embden-Meyerhof intermediates, tricarboxylic acid cycle intermediates, glycerol, amino acids, and pentoses. By far the greatest activity was displayed when monohydric shortchain alcohols served as substrates. Lactate oxidation was not NAD-dependent, and ethanol oxidation was cyanide-sensitive in contrast to the fermentative strains. Although 2,4-dinitrophenol is not growth inhibitory even at saturation concentrations (Smith, unpublished data), a cytochrome pathway could exist since bacterial systems are relatively insensitive to this inhibitor (123) . Lynn (57) found that these strains were capable of oxidizing short-chain fatty acids, such as butyrate, caprylate, and valerate. Whether these represent the major energy source for the nonfermentative Mycoplasma is not known. If sterol and carotenol serve as carrier molecules in permeability processes as described below, with acetate (the metabolic end product of glucose degradation in the fermentative strains) being the only volatile fatty acid found in sterol and carotenol esters, the finding of butyric as the major fatty acid in the cholesterol ester of nonfermentative strains suggests a butyric acid type fermentation in these organisms. Unpublished data (Smith) demonstrating some oxygen uptake in the presence of glyoxylate, malate, and succinate by iMl. hominis 07, together with the known oxygen uptake with short-chain fatty acids, could suggest the presence of a glyoxylate pathway or a portion of the tricarboxylic acid cycle.
Nitrogen Mletabolism
Proteolysis as determined by liquefaction of inspissated serum or gelatin has been reported for M. mycoides (30, 102) , certain goat strains (19) , and sterol-nonrequiring strains (30) . Slight ammonia production appears characteristic of many strains (30) . Nitrate reduction and indole formation have never been reported. Hydrogen sulfide production has been noted only in certain animal and sterol-nonrequiring strains (30, 40) . A Proteus L form was shown to form hydrogen sulfide, reduce nitrate, and form indole like the parent bacterium but to differ from the latter by being unable to decompose urea or liquify gelatin (40) . Aside from these general biological activities, the metabolism of nitrogen-containing compounds has been examined only for some human strains of Mycoplasma and, to some extent, for a few other strains of diverse origin.
Smith (124, 131) demonstrated, by means of measurement of loss of substrate or ammonia production, that human strains of M7Iycoplasma utilize arginine, glutamine, glutamic acid, and aspartic acid very readily and exhibit slow aerobic utilization of histidine, leucine, and threonine and slow anaerobic utilization of tyrosine and tryptophan among the 18 amino acids studied. Glutamine (126) was shown to undergo hydrolytic deamidation at alkaline pH but to undergo phosphorolysis at acid pH, forming glutamic acid and adenosine triphosphate (ATP) and ammonia. The latter reaction is reversible, but the equilibrium favors ATP formation, indicating that the glutamine phosphorolysis may be a source of energy for the nonfermentative organisms. Glutamic acid is not further degraded, but undergoes cyclization to form Al-pyrroline-5-COOH which is further reduced by the action of reduced NADP to form proline (127, 131) . Arginine undergoes quantitative hydrolytie desimidation to citrulline (124, 131) . The citrulline formed then undergoes phosphorolysis to yield ornithine and carbamyl phosphate, which in the presence of adenosine diphosphate (ADP) is cleaved to yield ammonia, C02, and ATP. The VOL. 28, 1964 overall reaction of citrulline degradation is reversible, the equilibrium favoring synthesis of citrulline. Although ornithine appears to be a precursor of proline similar to glutamic acid, the rate of ornithine removal is too slow to negate its inhibitory activity on citrulline degradation. Thus, this pathway probably represents a synthetic one in the organisms. Schimke and Barile (115) , on the other hand, concluded that arginine breakdown to ornithine represents a major energy-yielding mechanism based on stimulation of growth by arginine and the rapid conversion of arginine to ornithine by growing organisms. However, they did not present any experimental data on the effect of varying levels of ornithine on ornithine transcarbamylase and carbamyl phosphokinase. Aspartic acid appears to be deaminated, and may possibly be utilized for the synthesis of homoserine and threonine (131) . No transamination reactions were detectable in human strains of Mycoplasma except for some alanine formation from pyruvate with glutamine serving as the amino donor (124, 131) .
Rodwell (102) also failed to find transaminase activity in M. mycoides. Only serine and threonine of several amino acids were degraded, and these by dehydrases to yield the corresponding a-ketoacids which were oxidized by the pyruvic oxidase system. Razin and Cohen (95) Salt-requiring L organisms from group A streptococci contain acid and alkaline phosphatases associated with the intact cells (58) . Alkaline phosphatase activity was lower, and acid phosphatase possessed a different pH optimum in the L organism than in the parent bacterium. The difference in pH optimum may reflect loss of cell wall, since acid phosphatase of protoplasts was similar to that of the L organisms.
Lipid Metabolism It has already been mentioned that certain nonfermentative strains of Mycoplasma possess the capacity to oxidize short-chain fatty acids. On the other hand, they appear unable to degrade phospholipids, e.g., lecithin (130) , or to oxidize cholesterol. The fact that the sterol supplied in the growth medium is identical to the sterol found in the cells (110, 132) indicates that the organisms cannot carry out sterol transformations.
Mycoplasma (129) (134) . With sterols containing a cis fused A/B ring, i.e., the coprostanols, esters of the axial 3-hydroxyl radical are more easily hydrolyzed than are those of the equatorial 3-hydroxyl, whereas no difference is noted in esterase action due to the configuration of the 3-hydroxyl group in the sterols with a trans fused A/B ring, i.e., the cholestanols. Activity against esters of sterols with longer side chains than those of the cholestane and coprostane series is less, e.g., sitosterols and stigmasterol.
A lipase capable of hydrolyzing triglycerides and natural fats has been detected in Mycoplasma (129) . It appears to be distinct from the sterol esterase.
A membrane-associated glucosidase has been detected in Mfycoplasma strains which are capable of carbohydrate utilization and which contain sterol or carotenol glucosides. This enzyme is not found in nonfermentative strains and appears to possess a specificity, i.e., a or f3, correlative with the configuration of the sterol or carotenol glucoside found in a given strain (38) .
Smith (135) postulated that the sterol esterase and the glucosidase function in the organisms as mediators of substrate and end-product transport across the cell membrane. The sterol or carotenol would act as carriers. Thus, external glucose could be coupled with cholesterol or carotenol, the hydroxyl groups of which face the outside of the cell, by the action of the glucosidase. The increase in polarity of the sterol or carotenol molecule as a result of glucosidation would give reason for rotational or translational movements in the membrane, causing rearrangement of the molecule and making the glucosyl group available to the inside of the cell. In this orientation, the glucosidase could cleave the glucosyl group from the glucoside. Such a reaction would be favored, for the enzymatic mechanism for glucose degradation is present in the cell and would force the glucosidase reaction in the direction of cleavage. The free alcohol would remain in this orientation, being prepared to accept the end product of glucose metabolism, acetate. After degradation of glucose to acetate inside the cell, the acetate would be coupled to the sterol or carotenol by the action of the esterase in the membrane. Esterification results in a decrease in polarity of the molecule, giving reason for movement in the membrane, this time making the acetyl group available to the outside of the cell. Again, the esterase could catalyze cleavage of the ester with the production of the free alcohol and the liberation of acetate. The free sterol or carotenol would be in the proper orientation to participate in another cycle of transport. The dihydroxy carotenol by virtue of its having a hydroxyl group at either end of the molecule could achieve transport in and out of the cell in one movement. Although this mechanism is outlined for fermentative strains, there is no reason to believe that fatty acids, the presumed substrate for the nonfermentative strains, could not be transported in a similar fashion. The analogy could be extended to any compound capable of reaction with a hydroxyl group. This permeability mechanism necessitates presumption of like enzymes in both inner and outer protein layers of the cell membrane. This function for sterol and carotenol does not detract from the structural function of these compounds in the cell membrane. Although theoretical, this mechanism of function explains the necessity for a sterol of highly specific molecular configuration, the presence in the membranes of free, esterified, and glucosidyl derivatives of sterol and carotenol, and the existence, specificity, and cellular location of the esterase and glucosidase.
No data are available on the lipid metabolism of L organisms. Although sterol and carotenol are not integral parts of the membranes of L organisms thus far studied, other lipids containing functional groups with properties similar to hydroxyl groups could exist. There is no reason to believe that other lipids could not replace the sterol in those Mycoplasma strains requiring it, provided that these compounds possess the appropriate molecular configuration to make a proper fit into the membrane, that they can be incorporated from an exogenous source, and that they can function in the required fashion. The ability to synthesize certain amino acids has been demonstrated. The inability to synthesize certain other amino acids can be correlated with the growth requirement for these compounds. Glutamic acid can be produced by deamidation of glutamine, and citrulline is produced by desimidation of arginine (124); ornithine can arise by decarbamylation of citrulline (128) ; proline can be synthesized from glutamic acid (127) and probably also from ornithine (131) ; homoserine and threonine can undoubtedly be synthesized from aspartic acid (131) . The ability to transaminate glutamine with alanine explains why alanine is not a required amino acid; conversely, the inability to aminate the keto analogues of glutamic and aspartic acids correlates with the requirements of these two amino acids for growth (131) .
The results of Lynn's study (56) on the nucleic acid metabolism of a human strain of Mlycoplasma indicated that pyrimidines cannot be formed from purines. The growth requirement for thymidine and deoxycytidine indicated that these pyrimidine deoxyribosides cannot be synthesized from other ribosides and deoxyribosides. The inability of thymine to participate in base interconversion by the nucleoside phosphorylase confirmed the growth requirement for thymidine. Conversely, the ability of thymidine to serve as donor of deoxypentose correlated with the finding that purine deoxyribosides were not required for growth.
Little is known, too, about carbohydrate synthesis in these types of organisms. 31 . mycoides can synthesize 3-D-galactoside bonds as shown by the presence of a galactan (7) . AMycoplasma strains which utilize carbohydrates are capable of synthesizing a or f glucosides. The L forms of group A f-hemolytic streptococci are unable to synthesize the group-specific polysaccharide of the parent organism (120) .
Lipid synthesis in most instances is not amenable to assessment, since the lipids of crude media in which the organisms were grown contaminate the lipids of the organisms. Cyclopropane fatty acids (C 15 and C 17) can certainly be synthesized, since these fatty acids would not have been present in the crude culture medium used for growing M. hominis 07 (75) .
Glycerol-C'4 has been shown to be incorporated into the lipids of M. mycoides (102) and also into the cardiolipinlike polyglycerophosphate described by Plackett (87 Protein and carbohydrate composition is similar in both types, the differences reflecting strain differences only. The lack of cell-wall protein and carbohydrate constituents of bacteria is notable in both. The possibility exists that both attempt synthesis of cell-wall constituents, since peptides and carbohydrates possessing similarities to wall components appear under certain conditions. Total lipid content, although similar in Mycoplasma and salt-nonrequiring L organisms, is low in salt-requiring L organisms. Most of the lipid is membrane-associated. The nonsaponifiable lipids appear to possess structural similarities in all organisms examined and could function in a similar fashion.
A major difference between the two types of organisms is their reaction to osmotic changes and lytic agents. In general, the greater lability to osmotic changes of salt-requiring L organisms appears to be due to the low lipid content in and probably the structure of the membrane; of saltnonrequiring L organisms, to their larger size as compared with the Mycoplasma. Small L organisms like L 1 behave as do llycoplasma in this respect. Lytic agents which act by dissolution of lipoproteins disrupt both types of organisms equally well, whereas specific agents, such as digitonin, lyse only organisms which contain digitonin-precipitable sterol. This difference is not fundamental, since other lipid possessing the same functional capacity of sterol is found in some of the organisms and is nonreactive with digitonin.
There is wide variation in the nutritional requirements among different strains of Mycoplasma and L organisms, as well as between the two types. These variations represent strain differences rather than differences between types of organisms, and reflect the variations in enzymatic activity. The 
